The efficacy of the antigen-capture PCR (AC-PCR) method for the detection of hepatitis A virus (HAV) in environmental samples was demonstrated. HAV was captured from a seeded liquid waste or a shellfish sample with homologous antibody and then heat denatured and subjected to reverse transcription and the PCR, all in the same tube. Subsequently, the AC-PCR products were analyzed by oligonucleotide probe hybridization in solution, agarose gel electrophoresis, and autoradiography. The AC-PCR detected as little as 0.053 PFU of cell culture-adapted HAV strain HM175/18f. The results of cDNA-RNA hybridization indicated that the particle/ PFU ratio of this virus strain is -79:1. Therefore, the detection limit of the AC-PCR was estimated to be four virus particles. No amplified products were observed when poliovirus 1, coxsackievirus A9, coxsackievirus B3, echovirus 6, reovirus 1, adenovirus type 40, human rotavirus type 1, and bovine enterovirus type 2 were tested, confirming the specificity of the assay. There were no differences between the nucleotide sequences of AC-PCR products of HAV strain HM175/18f and the sequences of wild-type HAV strain HM175 derived from molecularly cloned cDNA. Of 121 waste and shellfish samples tested by both plaque assays (PA) in cell cultures and the AC-PCR, 81 (67%) were positive and 31 (26%) were negative as determined by both methods, whereas 9 (7%) were positive as determined by the AC-PCR and negative as determined by the PA, and none were positive as determined by the PA and negative as determined by the AC-PCR.
Hepatitis A virus (HAV) is an important cause of human hepatitis. Contaminated vehicles, such as food and water, are alternatives to direct fecal transmission of HAV (6) . Because wild-type HAV replicates poorly in cell cultures, the virus is difficult to detect in environmental samples on the basis of infectivity.
Immunological detection methods based on HAV antigens have been devised, but these methods generally lack the sensitivity needed to test environmental samples. Nucleic acid hybridization has been used to detect minute quantities of HAV RNA in feces (25) , water (18, 24) , and shellfish (30) , but has not always been sensitive enough to detect low levels of HAV that have been shown to be infectious. Nucleic acid amplification techniques, such as the PCR, offer a more sensitive approach to detection than direct hybridization, and PCR amplification has been described for HAV (3, 5, 8, 11, 16, 17, [27] [28] [29] , rotaviruses (10, 12) , enteroviruses (8, 19, 17, 22, 23) , Norwalk virus (3, 7, 27) , and enteric adenoviruses (2) . In most of these studies, viral nucleic acid was isolated by conventional phenol-chloroform extraction and ethanol precipitation, and in some studies viral RNA was further processed for removal of reverse transcription (RT) PCR inhibitors. Such sample preparation procedures are both cumbersome and time consuming. However, an antigen-capture (AC) technique combined with a PCR for a detection of HAV in clinical specimens has been developed (16) . In this combined (AC-PCR) technique sample preparation is comparatively simple and the specificity is greater than the specificity of the conventional PCR. In this paper, we describe a modifi-800 ml of DCMS with 200 ml of STE, thoroughly stirring the preparation, and passing the mixture through a series of sieves with 2-, 0.850-, and 0.300-mm apertures. An SMS-STE mixture was prepared in the same way except that 800 ml of SMS was substituted for DCMS. Waste preparations were seeded with HAV at a concentration of 5 .0 x 106 PFU/ml and were kept at 25°C for 13 weeks, and two 2-ml samples were removed weekly from each virus-seeded waste preparation. HAV was extracted from waste samples by using a sonication-centrifugation-filtration procedure described previously for poliovirus 1 (9) and was detected by a plaque assay (PA) and AC-PCR. Waste samples that were not seeded with HAV were processed in the same manner and were examined by both detection methods.
(ii) Oysters and clams. Both oysters and clams which had been irradiated with 60Co gamma ray doses of 3, 6, 9, 12, and 15 kGy and had been frozen after HAV inoculation were thawed, shucked, and minced with scissors. Samples (20 g) were suspended in 100 ml of ice-cold 0.09 M glycine-0.01 M NaOH buffer (pH 8.8) , and the preparations were stirred for 1 to 2 min with a magnetic stirrer; 2 ml of a stock solution (1%, wt/vol) of Cat-Floc (Calgon Corp., Pittsburgh, Pa.) was added to each preparation. The 16 ,000 x g for 1 h at 4°C, and filtered through a sterile, 25-mm-diameter, 0.20-pum-pore-size filter unit. In a 1.5-ml microcentrifuge tube, 0.3 ml of the viral suspension was mixed with 10 pul of Escherichia coli RNA (5 ,ug/pul; Sigma), 0.5 ml of a 4.2 M guanidine isothiocyanate solution supplemented with 0.5% N-lauroylsarcosine (sodium salt), 25 mM sodium citrate, and 100 mM 2-mercaptoethanol, and 0.5 ml of phenol-chloroform (1:1). The mixture was placed on ice for 10 min and centrifuged at 14,000 x g for 15 min. The aqueous phase was transferred to another 1.5-ml tube, mixed with 0.5 ml of phenol-chloroform, and placed on ice for 10 min, and the preparation was centrifuged as described above. The RNA in the aqueous phase was precipitated with ethanol, dried under a vacuum, and resuspended in 20 plI of TE buffer (pH 8.0).
(ii) RT-PCR. An RNA PCR kit obtained from Perkin-Elmer Cetus was used according to the manufacturer's instructions. The reverse transcriptase, HAV primer pair, DNA polymerase, PCR buffer, dNTPs, and temperature cycling procedure used in the conventional RT-PCR were the same as those used in the AC-PCR.
Analysis of PCR products. Products of the AC-PCR and conventional RT-PCR were subjected to oligonucleotide probe hybridization in solution. A 10-pA portion of PCR products was mixed with 0.4 pA of 5 M NaCl and 5 PlA of 32P-labeled HAV-specific oligonucleotide probe (nucleotides 2232 to 2251, 5'-TCAACAACAGTflTCTACAGA; Genemed). The mixture was denatured at 95°C for 5 min and hybridized at 56°C for 15 min. The PCR products were analyzed by electrophoresis in a 2% agarose gel and by ethidium bromide staining. The gel was examined with a UV transilluminator and was photographed so that the positions of hybridization signals could later be identified on autoradiographic film. The agarose gel was then dried and autoradiographed.
When the PCR products of a sample were the expected length (247 bases) as determined by ethidium bromide staining of the gel and were determined to contain the appropriate HAV sequence by oligonucleotide probe hybridization and autoradiography, the sample was considered HAV positive. When the PCR products of a sample could not be identified by ethidium bromide staining but displayed a specific hybridization signal identified by its position on the autoradiograph because the probe hybridization was more sensitive than by the guanidine isothiocyanate-phenol-chloroform procedure described in Materials and Methods from the same waste sample were subjected to the conventional RT-PCR. The highest dilution (with minimal HAV PFU) which gave an HAV-positive PCR signal was interpreted as the endpoint of detection. In replicate experiments, the AC-PCR and conventional RT-PCR each yielded the expected single amplification reaction product (Fig. 1) , which contained the appropriate HAV sequences, as determined by both oligonucleotide probe hybridization and dideoxy sequencing. Since the HAV strain used in this study was a cell culture-adapted variant, we were able to compare the detection limits of the AC-PCR with the infectious titer of the virus determined by a PA (1.6 x 105 PFU/ml in this sample). The endpoint of detection when the AC-PCR was used was 0.053 PFU in the sample tested (Fig. 1,  lane g ). Conventional RT-PCR amplification of the cDNA derived from the extracted viral RNA appeared to be similarly quantitative with respect to input virus, with reaction products detected down to a level of 0.16 PFU (Fig. 1, lane o) .
To determine the quantitative relationship between RNA- containing HAV particles and PFU, we performed cDNA-RNA hybridization experiments. Visualization of RNA transcripts by agarose-formaldehyde gel electrophoresis revealed that the predominant RNA species was 7.5 kb long and that there were small quantities of two additional bands attributed to premature transcription termination (data not shown). The proportion of full-length HAV RNA transcripts in the transcription reaction mixture was estimated to be 70%. Serial half-logarithmic dilutions of known concentrations of the RNA transcripts (in number of copies per microliter, determined by using the molecular weight and concentration of HAV RNA, the estimated percentage of full-length RNA, and Avogadro's constant) were blotted and hybridized with 32P-labeled probe 2 as described in Materials and Methods. The optical density per square millimeter of hybridization signals for these dilutions determined by imaging densitometry was used to generate a standard curve. Meanwhile, a 1:3 dilution of each of five cell culture-derived HAV stock suspensions containing known virus concentrations, as determined by the PA, was blotted onto the same membrane and hybridized with the same cDNA probe. The optical density per square millimeter of hybridization signal for each suspension was compared with the standard curve to quantify the genomic RNA in the suspension (Fig. 2) . The values of the unknown samples (suspensions 1 to 5) fell within the linear portion of the standard curve. The mean ratio of number of HAV genome copies (i.e., RNAcontaining particles) to PFU for these suspensions was 79 ( Table 1) .
Specificity of the AC-PCR. The specificity of the AC-PCR was determined by analyzing the AC-PCR products obtained with antibodies to HAV and other enteric viruses, as well as with HAV and antibodies having different specificities (Fig. 3) . Reaction tubes were coated either with a 1:1,000 dilution of human anti-HAV IgG before being loaded with HAV, poliovirus 1, coxsackievirus A9, coxsackievirus B3, echovirus 6 (Fig. 3, lane n) or heterologous antibodies (Fig. 3, lanes k and 1) Determined by comparing the optical density of cDNA-RNA hybridization signals in a suspension with the optical densities of HAV RNA transcripts of known concentrations. 32P-labeled HAV cDNA probe 2 (nucleotides 5134 to 6058) was used in this experiment. 
DISCUSSION
In this study, experimental conditions for an AC-PCR followed by oligonucleotide probe hybridization in solution for detecting HAV in environmental samples were established, and the efficacy of the procedure was demonstrated. The AC-PCR detected as little as 0.053 PFU of HAV strain HM1 75/18f. The detection limit of the PA was I PFU in 0.5 ml of inoculum. Thus, the sensitivity of the AC-PCR is approximately 20 times that of the PA. According to our cDNA-RNA hybridization results, the particle/PFU ratio of this virus strain is -79:1. The detection limit of the AC-PCR was therefore estimated to be four virus particles. In the studies of Jansen et al. (16) , the AC-PCR was able to detect 0.047 HAV radioimmunofocus-forming units, the particle/infectivity ratio of cell culture-adapted HAV strain HM175p16 was -60:1, and thus the detection limit of the AC-PCR was three virus particles. We found that it was advantageous to include an oligonucleotide probe hybridization step in our procedure. The hybridization procedure was more sensitive than ethidium bromide staining of agarose gels. As shown in Fig. 4 
